HD 189733 is a K2 dwarf, orbited by a giant planet at 8.8 stellar radii. In order to study magnetospheric interactions between the star and the planet, we explore the large-scale magnetic field and activity of the host star.
INTRODUCTION
Magnetic fields are present at different scales in the universe, from planets, to stars, galaxies and galaxy clusters. Thanks to new high-resolution spectropolarimeters, we are able to study the large scale magnetic field of stars, trying to understand its origin, but also its implication in different of interactions and that for a single system with interactions, those interactions may be not observable during some observing epochs, yet observable at other times.
Different theoretical scenarios of magnetospheric interactions were proposed. Preusse et al. (2006) described SPI by adopting the Alfvén wind model, Lanza (2008) considered a non-potential magnetic field configuration for the closed corona of the star. To explain the 'on-off' nature of SPI, Cranmer & Saar (2007) studied their signatures over many orbital cycles considering a cyclic stellar magnetic field. These signatures do not repeat exactly from orbit to orbit, nor from epoch to epoch. SPI is an intermittent phenomenon depending strongly on the configuration of the stellar field.
The study of the stellar magnetic field is therefore important to understand SPI. We have started an observing program aimed at detecting and modelling the magnetic field of HJ hosting stars. Eleven systems are observed, having different stellar and planetary parameters. In this paper, we present the results for HD 189733. This system is interesting to study SPI, with a short orbital period different from the stellar rotation period.
The properties of HD 189733 are listed in section 2. In sections 3 and 4, we will present our data, data analysis and magnetic modelling of the star. Results of its magnetic topology and differential rotation will also be presented. Stellar activity will be studied in section 5. From magnetic maps of the stars obtained in section 4, we will extrapolate the magnetic field in the stellar corona (section 6), deduce the expected planetary radio emission (section 7), and end with our conclusions (section 8).
PROPERTIES OF HD 189733
HD 189733 is a well-known planet hosting star, discovered in 2005 by Bouchy et al. (2005) . The K2V star is bright, nearby and active (V=7.7, T eff = 5050 ± 50 K, [Fe/H] = −0.03±0. 04 Bouchy et al. 2005, d=19.3 pc) . It has a mass of 0.82 ± 0.03 M⊙ (Bouchy et al. 2005 ) and a radius R⋆ = 0.76 ± 0.01 R⊙ (Winn et al. 2007 ). Winn et al. (2006) measured v sin i (2.97 ± 0.22 km s −1 ). The rotation period of the star was measured by different teams using photometry. Hébrard & Lecavelier Des Etangs (2006) found it to be about 11.8 d, while Winn et al. (2007) found quasi-periodic flux variations of 13.4 d period, which they attributed to the stellar rotation. These different values may be due to temporal variations in spots coupled to differential rotation over stellar latitudes.
As the planet transits HD 189733, all the planetary parameters are well constrained. A recent review of the planetary orbit was done by Boisse et al. (2009) . The inclination angle of the orbit is of 85.76
• ± 0.29 • , the planet has a mass of 1.13 ± 0.03 M and a radius of 1.154 ± 0.032 R . It orbits the star every 2.2185733 ± 0.0000019 d on a circular orbit. The semi-major axis of the orbit is of 0.031 ± 0.001 AU (Boisse et al. (2009) and references therein). Triaud et al. (2009) measured the projected spinorbit misalignment angle and found it to be 0.85
• +0.32 −0.28 , i.e., both orbital and stellar rotation axes are almost aligned.
OBSERVATIONS
We observed HD 189733 in June 2007 and July 2008 using ESPaDOnS and NARVAL spectropolarimeters, the former installed at the 3.6-m Canada-France-Hawaii Telescope (CFHT) and the latter at the 2-m Telescope Bernard Lyot (TBL) at Pic du Midi. These spectropolarimeters provide spectra with a resolution of 65000 which span the whole optical domain (370 to 1000 nm). Each polarization spectrum is extracted from a sequence of four subexposures, taken in different configurations of the polarimeter waveplates, in order to perform a full circular polarization analysis.
The data were reduced using a fully automatic reduction tool, called Libre-Esprit, installed at CFHT and TBL for the use of observers (Donati et al. 1997) . The spectra have error bars at each wavelength pixel and are normalized to a unit continuum. Their wavelength scale refers to the heliocentric rest frame. They are automatically corrected from spectral shifts resulting from instrumental effects (e.g. mechanical flexures, temperature or pressure variations) using telluric lines as a reference. Though not perfect, this procedure allows spectra to be secured with a radial velocity (RV) precision of better than 30 m s −1 (Moutou et al. 2007; Morin et al. 2008) .
We collected 20 spectra in June/July 2007 using both ESPaDOnS and NARVAL. These data covers about 2 stellar rotations (25 nights); NARVAL data cover roughly the first rotation cycle, and ESPaDOnS data sample well the second rotational cycle. In 2008, we only used NARVAL. Our data are spread over 14 nights, from 10 to 24 July. This second data set covers only slightly more than one rotation cycle. At around 700 nm, the S/N ratio of the spectra varies between 220 and 940 for 2007 spectra, and from 390 to 720 for 2008 spectra (per 2.6 km s −1 velocity bin). We also use the 2006 data published in Moutou et al. (2007) merged in a single data set (as opposed to Moutou et al. (2007) Moutou et al. 2007 , for information about the 2006 data).
The rotational and orbital phases, denoted ERot and E Orb , were computed using the two ephemerides: T0 = HJD 2, 453, 629.389 + 2.218574 E Orb T0 = HJD 2, 453, 629.389 + 12 ERot
The first ephemeris is that of Moutou et al. (2007) . For the ephemeris giving the rotation phase, we use a rotation period of 12 d, identified as the equatorial rotation period (see section 4).
To improve the S/N ratio of our data and extract the polarization from many lines simultaneously, we used LeastSquares Deconvolution (LSD) which assumes that all lines more or less repeat the same polarization information. In practice, it consists of deconvolving the observed spectra by a line mask, computed using Kurucz's lists of atomic line parameters (Kurucz CD-Rom 18) and a Kurucz model atmosphere with solar abundances, temperature and logarithmic gravity (in cm s −2 ) set to 5000 K and 4.0 respectively. The line mask includes the moderate to strong lines present in the optical domain (those featuring central depths larger Table 1 . Journal of June 2007 and July 2008 observations. Columns 1-11 sequentially list the UT date, the instrument used, the heliocentric Julian date and UT time (both at mid-exposure), the complete exposure time, the peak signal to noise ratio (per 2.6 km s −1 velocity bin) of each observation (around 700 nm), the rotational and orbital cycles (using the ephemeris given by Eq. 1), the radial velocity (RV) associated with each exposure, the rms noise level (relative to the unpolarized continuum level Ic and per 1.8 km s −1 velocity bin) in the circular polarization profile produced by Least-Squares Deconvolution (LSD) than 40% of the local continuum, before any macroturbulent or rotational broadening, about 4,000 lines throughout the whole spectral range) but excludes the strongest, broadest features, such as Balmer lines, whose Zeeman signature is strongly smeared out compared to those of narrow lines. In addition to the intensity and polarization profiles, LSD produces a null profile (labelled N) that should contain no polarization; this helps to confirm that the detected polarization is real and not due to spurious instrumental or reduction effects (Donati et al. 1997 ). The multiplex gain provided by LSD in V and N spectra is of the order of 30 with regard to a single line with average magnetic sensitivity, implying noise levels as low as 35 parts per million (ppm). A typical set of LSD profiles is shown in Fig. 1 for 20 July 2008.
The radial velocity (RV) of the star is obtained by fitting each Stokes I profile with a Gaussian profile. The RV values we obtain are listed in Table 1 2008 respectively (see Fig. 2 ). A similar offset was reported by Moutou et al. (2007) . These variable RV shifts may be due to stellar variability, to the presence of a stellar companion (Bakos et al. 2006 ), or to a yet unknown cause. The wavelength calibration being done relative to the telluric lines (giving a precision of about 30 m s −1 ), we believe it is very unlikely that these RV shifts could be due to any instrumental effect.
For the magnetic analysis in the rest of the paper, the spectra used are the LSD ones, corrected for the orbital motion of the planet.
MAGNETIC IMAGING

Model description and imaging method
To reconstruct the magnetic maps of HD 189733, we use the Zeeman Doppler Imaging code (Donati et al. 1997 ) in its latest version. ZDI is a tomographic imaging technique, it inverts series of circular polarization Stokes V profiles into the parent magnetic topology, i.e. the distribution of magnetic fluxes and orientations. Since the problem is ill-posed, ZDI uses the principles of maximum entropy to retrieve the simplest image compatible with the data. The latest version of the code describes the field by its radial poloidal, non-radial poloidal and toroidal components (Chandrasekhar 1961) , all expressed in terms of spherical harmonics expansions. This has the advantage that both simple and complex topologies can be reconstructed reliably (Donati 2001) . Moreover, the energy of the poloidal and toroidal components, or of axisymmetric and non-axisymmetric modes can be estimated directly from the coefficients of the spherical harmonics expansion. Given the small value of v sin i, the resolution at the surface of the star is limited; we therefore truncate the spherical harmonics expansion to the five lowest terms only, i.e., l < 5.
Reconstruction proceeds by iteratively comparing the reconstructed profiles to the observed one, until they match within the error bars (i.e. reduced chi-square χ 2 r ∼ 1). Practically, the star is divided into 9000 grid cells of similar area. The contribution of each grid cell to the reconstructed Stokes profiles is calculated, given the RV of the cell, the field strength and orientation in it, the location and projected area. Summing the contributions of all the grid cells yields the synthetic profile.
For each grid cell, the local unpolarized Stokes I is modelled by a Gaussian with a full width at half-maximum (FWHM) of 7 km s −1 , central rest wavelength of 500 nm and effective Landé factor of 1.25. The Stokes V profile is calculated assuming the weak-field approximation, i.e. the V profile is proportional to the line-of-sight projected component of the field (called longitudinal field and denoted B l ), as well as the first derivative of the local I profile. The inclination angle of the rotation axis of the star with respect to the line-of-sight is ∼ 85
• (see section 2). For a differentially rotating star, magnetic regions located at different latitudes have different angular velocities. As in Fares et al. (2009) , we consider that the rotation at the surface of the star follows Ω(θ) = Ωeq − dΩ sin 2 (θ), where Ω(θ) and Ωeq are respectively the angular velocities at a latitude θ and at the equator, and dΩ is the difference in rotation rate between the pole and the equator. The position of the grid cells are calculated by this law relative to the median observing epoch. Measuring the recurrence rate of the signatures from magnetic regions located at various latitudes gives access to the amount of surface shear. In practice, for each pair of (Ωeq, dΩ) in acceptable range of values, we reconstruct a magnetic image at a given information content (constant magnetic energy) from the observed profiles and get the χ 2 r of the reconstruction procedure. Fitting a paraboloid to the χ 2 r values we obtain by this process gives the optimum differential rotation (DR) parameters of the star.
Results
Differential rotation
Including DR for the reconstruction of June 2007 map is necessary to fit the observed Stokes profiles almost down to the For July 2008, we are not able to measure DR, the χ 2 r map featuring no well defined minimum (over the range of parameters we explored). Our data have a lower S/N ratio than those of June 2007, they cover slightly more than an equatorial rotation period; they do not contain all the information needed for measuring the recurrence rate of the signatures of high latitude magnetic features. For this epoch, the DR parameters we include in our reconstruction procedure are those of June 2007 (for the same χ 2 r value), supposing that the DR did not change between the two epochs.
For the 2006 data, we are not able to measure the DR given the very small phase interval covered both in June and August, the resulting χ 2 map yielding again a very chaotic surface. Nevertheless, adding the differential parameters of June 2007 in our reconstruction gives a better fit to the data (χ 2 r ∼ 1.26 as opposed to 3.9 for solid-body rotation with a rotation period of 12 d).
Magnetic maps
For June 2007, the reconstructed Stokes V profiles including the DR values we obtained are shown in Fig. 4 , the data being fitted for a χ 2 r value slightly larger than 1. HD 189733 has an average surface magnetic field of 22 G. The field has a predominant toroidal component, contributing 57% of the total magnetic energy. The poloidal component of the field is mainly non-axisymmetric, 67% of its energy being in modes with m > l/2. The quadrupole, octupole and higher orders contribute almost equally to the poloidal energy. Orders with l > 3 contains 30% of the poloidal energy, while 70% is in the lower orders.
In July 2008, the field has a greater average value of 36 G. Its strength reaches up to 40 G in some magnetic region (see Fig. 5 ). The toroidal component contributes 77% of the total energy. While the poloidal field is still mainly non-axisymmetric, its dipolar component has a stronger contribution for this epoch. Orders with l > 3 still have a contribution of about 32% to the poloidal energy. When merging June and August 2006 in one map, the poloidal field contributes 67% to the total energy. The average value of the field is of 33 G. The properties of the magnetic field are listed in Table 2 .
For the three epochs, we do not observe a global change in the magnetic polarity. The radial field shows positive magnetic regions covering the pole and a concentration of the magnetic regions around the equator for all epochs. A drop in the poloidal energy is observed between 2006 and 2007, as well as between 2007 and 2008 (by a factor of 1.6 and 1.9 respectively). The topology of the field also changes over two years, with the toroidal component strengthening significantly at the expense of the poloidal component.
ACTIVITY INDICATORS
The Ca ii H & K and Hα lines are tracers of the stellar chromospheric activity. We studied the variability of the residual emission in those activity proxies for our data. For each tracer, we calculated a mean profile per run (see Fig. 6 in the particular case of July 2008), then subtract it from each spectrum. The residual emission profiles obtained for the Ca ii H &K are shown in Fig. 7 . Fitting those profiles with a Gaussian gives the residual emission value (the equivalent width of the Gaussian, in km s −1 ). We studied the variation of the residual emission for each observing epoch (including 2006) . The star exhibits variability on both short (hours) and long (days) time scales. We modelled the longer term variability as the sum of a sine wave (to describe the periodic modulation) and a linear function (to describe the longest term variability). For a range of period between 2 d and the length of the run, the period for which the χ 2 r of the fit is minimal is the best fit period to the data. The best fit periods are listed in Table 3 . We plotted the Ca ii H & K residual emission and the best fit solution in Fig. 8 . For all three epochs, the Ca ii H & K residual emission is modulated on a time-scale of the equatorial rotation period. For Hα, the residual emission is modulated on a time-scale of ∼ 13 d (on average), again close to the rotational period of the equator. Hα and Ca ii H & K residuals are well correlated (see Fig. 9 ) except at 2 main epochs Table 1 ) and 1σ error bars are also shown next to each profile. Table 3 . The best fit period for the Ca ii H & K and the Hα residuals in days (using the model described in the text). The error bars correspond to a 3 σ error bars on our measurements.
Epoch
Ca To look for additional low-amplitude periodic fluctuations, we subtracted the rotational modulation from the data (the best fit solution obtained). In the case of SPI, the emission variability would be modulated by the orbital period or rather by the beat period between the stellar rotation and the planetary orbital period (varying between 2.5 and 2.7 d, depending on the stellar latitude considered). Fig. 10 shows these residuals as a function of the orbital phase for the Ca ii H & K . A large dispersion in the residuals can be seen. In particular, we can see that the residual emission is highly dispersed at any given orbital phase range, directly reflecting the short term variability of the activity proxies. We therefore suspect that this is mainly caused by intrinsic variations in the activity of the star rather than to SPI, as we would expect enhanced emission variability to be concentrated at specific phases (Shkolnik et al. 2008 ).
We then searched for periodic modulation of these residuals for a range of periods by fitting the residuals with a sine wave. For June 2007, we find a period of 3.65 
EXTRAPOLATION OF THE MAGNETIC FIELD
From the surface magnetic field, one can then extrapolate the magnetic field in the stellar atmosphere assuming a potential field (Jardine et al. 2002) . In the case of SPI, extrapolating the magnetic field lines is a way to understand the environment in which the close-in planet evolves, and to investigate potential interactions (e.g. reconnection events due to interactions of the stellar and planetary magnetic fields). The extrapolation technique was first applied to the solar corona, and then to other stars. As for the Sun, we assume that there is a surface beyond which the field becomes purely radial, named the Source Surface (hereafter SS). All closed field lines, connecting regions on the stellar surface of different magnetic polarity, are inside the SS (the heights of the magnetic loops are smaller than the SS radius). From the extrapolation of the magnetic field, we can calculate the magnetic energy at any given point inside and on the SS. To calculate the magnetic energy outside the SS, we consider that the magnetic flux is constant on radial shells.
In the system HD 189733, the massive planet is at 8.8 R⋆. The position of the SS is not well known. We first consider that the SS is located at 3.4 R⋆ (as a lower limit given that the SS radius RSS ∼ 3 R⊙ for the much less active Sun), i.e. inside the planetary orbit. Figure 11 represents an extrapolation of the stellar magnetic field within the source surface for our two epochs of observations. It shows in particular that the magnetic configuration in the stellar corona is complex. We find that the magnetic field at the distance of the planet has a strength that can reach values up to 40 mG (i.e. 4000 nT, see Fig. 12 ). The magnetic energy is null when the planet crosses in front of the intersection of the neutral line with the equator.
We considered a second case for which the SS is at 5.8 R⋆, also within the planetary orbit. The mean magnetic field at 5.8 R⋆ averaged over the longitudes drops by a factor of 2 relative to the previous case.
Finally, we consider cases where the SS is larger than 8.8 R⋆. When the SS is at 10 R⋆, we notice that the magnetic field at the planet orbit is smaller than that for a SS at 3.4 R⋆ by a factor slightly larger than 3 for the mean value (see Fig.  12 ). For a SS beyond 10 R⋆, the magnetic field at the planet orbit does not change dramatically relative to the previous case. In all these cases, the value of the field is not constant along the planet orbit.
We thus expect average field values of 4 − 23 mG at the distance of the planet.
THE EXPECTED RADIO EMISSION
Knowing the stellar magnetic field, one can estimate the expected radio emission for HD 189733b.
In the magnetic energy model (Zarka et al. 2001) , planetary radio emission is believed to be energized by the Poynting flux transported by the stellar wind. The amount of power emitted by radio waves P rad is roughly proportional to the power input Pinput supplied by the stellar wind magnetic energy (see Figure 6 Zarka 2007). Thus, the radio power is given by
where v eff and B ⊥ are respectively the velocity of the stellar wind and the component of the interplanetary magnetic field (IMF) perpendicular to the stellar wind flow, both in the reference frame of the planet, and Rs denotes the radius of the planetary magnetosphere (known as magnetospheric standoff distance).
To estimate the radio power, one has to know B ⊥ , v eff and Rs. They depend on the stellar magnetic field, rotation and age (see Grießmeier et al. 2007 , for more details). When a star is older, its wind strength is weaker. Via the stellar wind strength (velocity and density), the stellar age governs the size of the planetary magnetosphere, i.e. the cross section on which the planet can intercept the energy flux.
Given the rotation period of 12 d, the stellar age is of ∼ 1.6 Gyr (based on the formalism presented in Grießmeier et al. 2007 ). Using the stellar wind model of Grießmeier et al. (2007) , we calculate Rs and v eff , that are equal respectively to 3.4 R planet and 332 km s −1 (both constant on the planetary orbit). The magnetic field at the distance of the planet is taken from the results of the extrapolation (see section 6 and Fig. 12 ). In the particular case where the SS is beyond the planetary orbit, our calculation includes the three components of the field.
In this context, we find average radio fluxes of about 7 to 220 mJy depending on the location of the SS, for a frequency range of 0-6 MHz. Values up to 20 MHz are compatible within the model uncertainties. We also find this radio flux to be time variable (see Fig. 13 ). 
DISCUSSION AND CONCLUSIONS
In this paper, we present a detailed spectropolarimetric study of the star HD 189733, host of a transiting giant planet. The star was observed at two epochs (June 2007 and July 2008) . Using Zeeman Doppler Imaging, we reconstructed the magnetic maps of the star. With a strength up to 40 G, the magnetic field is dominated by the toroidal component at both epochs. This component contributes 57% and 77% to the total energy respectively and is mainly axisymmetric. In contrast, the poloidal component is mainly nonaxisymmetric. Its contribution to the total energy drops from 2006 to 2007 and 2008. We will continue monitoring this system to study the magnetic evolution on time-scales longer than 2 years and look for a potential magnetic cycle.
HD 189733 rotates differentially and has a latitudinal angular rotation shear of dΩ = 0.146 ± 0.049 rad d −1 ; the star has an equatorial period of 11.94 ± 0.16 d and a polar period of 16.53 ± 2.43 d. These values of the equatorial and polar periods bracket all published photometric periods within the error bars.
The star is an active star, variable on small time-scales. We analyzed the activity residuals in the Ca ii H&K and Hα. These residuals are periodic and modulated with the rotational period of the star. Active regions apparently concentrate around the equator, given the modulation period of 12-13 d. A rotational modulation was also found by Moutou et al. 2007 , Boisse et al. 2009 , and Shkolnik et al. 2008 . We looked for lower amplitude periodic fluctuations, the periods we found are different than the orbital and beat period (2.5-2.7 d) except in one occurrence (Hα, July 2008) where one of the detected roughly matches the beat period.
To enlarge our knowledge of this system, we studied the magnetic field in the stellar atmosphere using the extrapolation technique applied to the reconstructed surface magnetic maps. We find that HD 189733 has a complex magnetic topology for both epochs. Depending on where the SS (the surface beyond which the field is purely radial) is, we find that the magnetic field at the distance of the planet (8.8 R⋆) is variable throughout the orbit, of the order of 4−23 mG in average.
We also estimated the radio flux expected from SPI assuming the magnetic scenario model of Zarka et al. (2001) and find it to be of the order of 10−220 mJy on average. We also predict it to be variable with time on a time scale equal to the beat period (contrary to previous published predictions Grießmeier et al. 2007 ). The radio flux we predict at 0-6 MHz is potentially detectable with LOFAR (see fig. 1 -3 in Grießmeier et al. 2007 ) in the coming years. Published radio observations only report upper limits on the planetary flux at higher frequencies (307-347 MHz, Smith et al. 2009; Lecavelier Des Etangs et al. 2009, 244 MHz and 614 MHz) -providing no constraint on the model discussed in the present paper. The variability of the planetary radio flux with the subplanetary stellar phase will make the distinction between the planetary and stellar radio flux in the observational data more challenging; however, this effect can be used to distinguish between the magnetic energy model and other models of interactions. Our result confirms that a single observation of a star-planet system is not sufficient. Rather, it is important to have multiple observations densely sampling stellar rotation, planetary orbit and beat periods.
The study of SPI is an ongoing effort. Monitoring stars at different epochs and through multi-wavelength campaigns will help us identify the nature of SPI and the origin of their apparent on-off behavior. Studying stellar magnetic cycles and comparing results for HJ hosting stars with different stellar and planetary parameters will enlarge our understanding of SPI, as well as stellar magnetism and activity in general.
